In animal experiments, elevating systolic pressures induces diastolic dysfunction and may contribute to congestion, a finding not yet translated to humans. Coronary surgery patients (63 ± 8 years) were studied with left ventricular (LV) pressure (n = 17) or pressure-volume (n = 3) catheters, immediately before cardiopulmonary bypass. Single-beat graded pressure elevations were induced by clamping the ascending aorta. Protocol was repeated after volume loading (n = 7). Consecutive patients with a wide range of systolic function were included. Peak isovolumetric LV pressure (LVP iso ) ranged from 113 to 261 mmHg. With preserved systolic function, LVP elevations neither delayed relaxation nor increased filling pressures. With decreasing systolic function, diastolic tolerance to afterload progressively disappeared: relaxation slowed and filling pressures increased (diastolic dysfunction). In severely depressed systolic function, filling pressures increased even with minor LVP elevations, suggesting baseline load-dependent elevation of diastolic pressures. The magnitude of filling pressure elevation induced in isovolumetric heartbeats was closely and inversely related to systolic performance, evaluated by LVP iso (r = -0.96), and directly related to changes in the time constant of relaxation s (r = 0.95). The maximum tolerated systolic LVP (without diastolic dysfunction) was similarly correlated with LVP iso (r = 0.99). Volume loading itself accelerated relaxation, but augmented afterloadinduced upward shift of filling pressures (7.9 ± 3.7 vs. 3.0 ± 1.5; P \ 0.01). The normal human response to even markedly increased systolic pressures is no slowing of relaxation and preservation of normal filling pressures. When cardiac function deteriorates, the LV becomes less tolerant, responding with slowed relaxation and increased filling pressures. This increase is exacerbated by volume loading.
Introduction
Ventricular remodelling in coronary heart disease includes myocyte loss, changes in myocyte biology and extracellular matrix, and alterations in chamber geometry. These aspects contribute to diastolic dysfunction [13, 29] , which is characterized by impaired ventricular filling and an upward shift of the diastolic pressure-volume relation [14, 20] . The main cause of diastolic dysfunction is increased late-diastolic stiffness [5, 12, 15] . Accumulating evidence shows that, in addition to long-term structural changes that underlie myocardial stiffness [11, 38, 40] , there might also be short-term functional determinants such as ischemia [33] , titin phosphorylation status [2] and neuroendocrine mediation [23] .
Impaired myocardial relaxation may result in sustained pressure at end-diastole and may thus contribute to increased left ventricular (LV) stiffness, mainly in failing hearts [12] . One of the possible causes for impaired myocardial relaxation and diastolic dysfunction in animal models is excessive afterload [25] . This load-dependence might be relevant as well for the interpretation of diastolic dysfunction resulting from arterial hypertension, from increased arterial stiffening and from early wave reflection [3] . In order to clarify the relevance of these concepts to human disease, the present study analysed the effects on diastolic filling pressures of graded elevations of systolic LV pressures (LVP) induced by aortic clamping. The study was performed during coronary artery bypass grafting (CABG).
Materials and methods

Study population
Twenty consecutive adult patients with 3-vessel disease undergoing elective on-pump CABG were enrolled. Exclusion criteria included: unstable angina, pericardial disease, LV hypertrophy defined as mean wall thickness [1.1 cm, evidence of calcified ascending aorta in preoperative exams or in intra-operative assessment both by palpation and epivascular ultrasonography, previous stroke or transient ischemic event, as assessed by clinical interview or preoperative exams, significant carotid artery disease based on preoperative evaluation, and previous cardiac surgery. All patients underwent routine preoperative evaluation including coronary angiogram and echocardiographic evaluation. Left ventricular ejection fraction (EF) was calculated by 2D-echocardiography using the Simpson's rule. The study was approved by the ethics committee of the University Hospital São João in Porto and conforms with the principles of the Declaration of Helsinki. All patients gave their written informed consent.
Procedure
Preoperative, anaesthetic and surgical procedures were standard. Briefly, regular medication was continued until the morning of surgery, 0.1 mg/kg oral diazepam was used as an anxiolytic in the morning and on the night before the intervention. On arrival to the operation room, the EKG and pulse oximetry were monitored. Patients were then premedicated with 0.1 mg/kg intravenous diazepam, and invasive blood pressures were monitored after radial artery catheterization under local anaesthesia. General anaesthesia was induced with 10-25 lg/kg fentanyl, 0.1 mg/kg etomidate and 0.1 mg/kg vecuronium, and maintained with 0.2-0.4% isoflurane on a 50% O 2 :N 2 O gas mixture, and additional fentanyl and vecuronium boluses. A central venous line was then placed and central venous pressure was continuously monitored, as well as capnography, central and peripheral temperature. An additional bolus of 20-25 lg/kg fentanyl was given before sternotomy. Before anaesthesia mean blood pressure was 86.4 ± 12.0 mmHg and decreased to 77.7 ± 13.2 mmHg at the start of the measurements. During surgical preparation for cardiopulmonary bypass, just before the insertion of the venous cannula, a 3F catheter with a high-fidelity transducer (SPC-330A, Millar Instruments, Houston, TX, USA) was inserted through a needle puncture in the LV apical dimple and held in place by a Teflon felt pledgeted purse-string suture with 4/0 polypropylene in order to record LV pressures. Before insertion, the catheter was calibrated and stabilized for 30 min in 37°C saline. The catheter was connected to a pressure amplifier and a differentiator to evaluate the first derivative of the pressure recording. To strengthen our findings, in three patients we simultaneously recorded LV pressure and volume using an equipment transiently available at our institution. For this purpose a 5-Fr combined pressure-volume catheter with 1-cm inter-electrode spacing (SPC-551, Millar Instruments, Houston, TX, USA) was inserted instead.
Data acquisition and analysis EKG (DII), LV pressure and its first derivative were digitized with a sample rate of 500 Hz. The mean heart rate (HR) value was 72 ± 5 bpm and remained stable. Haemodynamic recordings were done with ventilation suspended at end-expiration. The R wave of the EKG tracing was used to define end-diastole. The following parameters were obtained: LV end-diastolic pressure (LVEDP), peak systolic LVP, maximum velocity of LV pressure rise (dP/ dt max ) and fall (dP/dt min ), and the logistic time constant of isovolumetric relaxation s [30, 37] .
Beat-to-beat systolic LVP elevations were induced by constricting the ascending aorta with an aortic clamp, above the sinotubular junction. Variable degrees of constriction were performed and isovolumetric heartbeats were obtained with complete aortic occlusions. Constrictions were started during diastole and sustained for 2-5 cycles. An interval of 2-3 min of rest and stabilization was observed between manoeuvers. No electrocardiographic signs of ischemia or haemodynamic instability were observed before, during or after the interventions. The first heartbeat after the clamp was analysed. From physiology and previous experiments in animal models, we know that aortic clamps increase systolic pressure and systolic volume while decreasing systolic wall thickness. The three parameters of Laplace's law concur to increase systolic wall stress and hence afterload. In the given experimental conditions, systolic pressure can therefore be considered a surrogate of afterload. The clamp technique selectively increases afterload with no preload changes, no changes in long-term load history, and no neurohumoral adaptations [26] .
Effects of systolic LVP elevations on filling pressures were assessed by subtracting LVEDP at the end of the test beat from LVEDP of the previous control beat (diastolic dysfunction). We previously showed in animal experiments that single beat afterload elevations do not alter LV enddiastolic volume and therefore increases in LVEDP denote a true upward shift of the end-diastolic pressure-volume relation [25] . This was confirmed in the present study with pressure-volume measurements.
In each patient the maximum systolic LVP, which did not slow relaxation and did not increase subsequent filling pressures was determined, referred to as maximum tolerated pressure. In three patients, in whom no additional systolic LVP could be developed without slowing of relaxation, systolic pressure was carefully decreased by transient caval occlusion. As LVP progressively decreased, the time constant s initially decreased, then increased. This was monitored online on a dP/dt versus LVP phase-plane plot, as previously described [26] , and confirmed by offline analysis. The level of systolic LVP at which the time constant s was minimal in these patients was deemed to be the maximum tolerated systolic LVP in this subgroup.
In seven patients with EF C0.30, 500 mL of extracorporeal circulation priming solution were administered. Recordings of baseline and isovolumetric heartbeats were repeated after stabilization.
Statistical analysis
Quantitative results are presented as mean ± SD. Systolic LVP is given in absolute values (mmHg) or as a percentage of the isovolumetric pressure of each patient. Effects of LVP elevations were analysed with repeated measurements oneway ANOVA and Holm-Sidak post hoc test. Volume loading was compared to baseline with paired t test. Linear regression was performed on normally distributed data by least squares regression and the Pearson correlation coefficient was obtained. Statistical significance was set at P \ 0.05.
Results
The mean patient age was 63 ± 8 years, 19 were men. Other preoperative data including drug therapy and comorbidities are summarized in Tables 1 and 2 . These consecutive patients constitute a representative sample of CABG patients at our institution.
Individual haemodynamic data are presented in Supplemental Table 1 . Patients were pooled in three groups according to their preoperative EF as assessed by 2D-echocardiography (normal C 0.50; moderately decreased 0.30-0.49; severely decreased \ 30). Twelve patients had a normal and eight patients a decreased EF. None of the patients with preserved ejection fraction presented heart failure signs or symptoms.
All patients underwent graded aortic constrictions resulting in beat-to-beat elevations of systolic LVP, ranging from a small elevation of a few mmHg to full isovolumetric beats. A representative LVP tracing illustrating the Table 2 ). Increasing filling pressures, induced by beat-to-beat interventions, occurred without concomitant increases of diastolic volume in the recordings obtained with pressurevolume catheters, representing a true upward shift of the diastolic pressure-volume relation, hence afterload dependent diastolic dysfunction. Representative pressurevolume tracings are presented for a patient with an EF of 0.30-0.49 in Supplemental Fig. 2 .
The shift in LVEDP induced by the first isovolumetric heartbeat after complete aortic occlusion was then correlated with haemodynamics and with LV function. Significant negative correlations were found with systolic function evaluated by dP/dt max (r = -0.68) or peak isovolumetric LVP (r = -0.96; Fig. 3, left panel) . There was no correlation with the baseline value of the time constant s or baseline LVEDP, but a close inverse correlation with the % change in s induced by isovolumetric heartbeats (r = 0.95; Fig. 3, right panel) was observed. Accordingly, the changes were more prominent in reduced EF categories. For assessing the maximum systolic LVP that the heart could tolerate without slowing of relaxation and elevation of filling pressures, we analysed multiple-graded systolic pressures in each patient. Tolerated systolic LVP ranged from 60 to 100% of peak isovolumetric LVP (Supplement Table 3 ). In three patients with normal EF, afterload values of more than 230 mmHg were tolerated. In three other patients with EF \0.30, no pressure elevation was tolerated, even when baseline systolic LVP was lower than 90 mmHg. In these patients, the maximum tolerated systolic LVP was derived by caval occlusion (see ''Materials and methods''). The remaining 14 patients tolerated intermediate levels of systolic LVP. Similarly to the magnitude of shift in diastolic pressure volume relation induced by isovolumetric heartbeats, tolerated systolic LVP was also strongly correlated with peak isovolumetric LVP (r = 0.99, P \ 0.001; Fig. 4 ) and dP/dt max (R = 0.71, P \ 0.001, not shown). Of note, the data of the three patients, in whom the maximum tolerated pressure was obtained with caval occlusion are well aligned with the other data.
In seven patients the experimental protocol was repeated after volume loading (Table 1) . Volume loading increased diastolic and systolic LVP and accelerated myocardial relaxation (shortened time constant s). Peak isovolumetric LVP was higher after volume loading (Frank-Starling). Afterload-induced prolongation of the time constant s was not exacerbated by volume loading, but the shift in LVEDP more than doubled. This is illustrated in Fig. 5 , which shows in addition that, after volume loading, the onset of pressure fall was delayed (time to dP/dt min increased, Table 1 ) and that, at matched HR, the duration of diastole decreased.
None of the patients died or suffered from neurological complications in the perioperative or early postoperative period (30 days). One patient received reintervention due to immediate postoperative bleeding, one patient needed continuous renal replacement therapy and two patients needed an intra-aortic balloon pump and prolonged cardiovascular support in the intensive care unit (ICU). The lengths of stay were 1.6 ± 1.3 and 8.0 ± 3.9 days in the ICU and in the hospital, respectively.
Discussion
The present investigation describes how human LV diastole responds to systolic pressure elevation, and defines for the first time how much systolic pressure is tolerated In healthy animals, the physiological response of the myocardium to a moderate increase in afterload is a slight acceleration of relaxation [26] and no elevation of filling pressures [25] . This is valid up to a load level that corresponds to a high percentage of peak isovolumetric load [8, 26] .
The analysis of isovolumetric heartbeats allows to refine earlier physiological observations and to apply them to patients with coronary heart disease. There is no precedent of a similar study conducted in humans, except maybe for the analysis of left ventricular systolic stiffness in seven patients by Ritter et al. [35] . From an ethical point of view it is important to note that we did not observe complications, carefully selected patients and performed intra-operative epivascular ultrasonography for excluding atherosclerotic aortic plaques. Given the increasing evidence of cerebrovascular complications with manipulations of the aorta, we however decided not to expand this series of patients. This is a ''proof of concept'', translational study, which allows us to draw some important conclusions even with 20 observations. This study describes how the better functioning human LV of CABG patients is able to develop a peak systolic LVP of more than 230 mmHg, with no slowing of relaxation and no increase in LVEDP, hence no diastolic dysfunction. Such a ventricle operates at rest at a systolic LVP that is 40-50% of peak isovolumetric LVP. This baseline load level corresponds to an optimal ventriculo-arterial hydraulic and energetic matching [6, 39] . It confers a surprisingly high afterload reserve to the healthy human LV, allowing it to face stress and exercise without compromising filling. This is the case even in the presence of severe coronary heart disease, during anaesthesia and surgery. The remaining patients responded to afterload with variable degrees of slowing of myocardial relaxation and diastolic dysfunction, manifest as an upward shift of the end-diastolic pressure-volume relation. This shift closely and inversely correlated with dP/dt max and peak isovolumetric LVP: the better the systolic performance, the more limited the shift. In addition, this shift closely correlated with the changes in time constant s, suggesting that slowing of relaxation was responsible for the observed shift of the end-diastolic pressure-volume relation. This confirms in cardiac patients a close relation between systolic and diastolic function, previously described in various animal studies [8, 19, 25] . A limitation of the present study is that we performed volume measurements in only three patients. However, the effects of aortic clamping and the relation between delayed relaxation and increased filling pressures were also previously demonstrated in those animal models [8, 24, 25] .
By performing multiple-graded aortic constrictions, we determined the maximum level of systolic LVP that the heart could tolerate without elevating its filling pressures and slowing relaxation. The maximum tolerated LVP is highly predictive of the peak isovolumetric LVP and ranges from 60 to 100% of the isovolumetric LVP. The tolerated systolic LVP ranged from isovolumetric in some patients to baseline and even less in others. The observations on the maximum tolerated systolic pressures expand the knowledge on the effects of unphysiological isovolumetric pressures and provide a clinically useful translation of the concepts related to load-dependence of diastolic function. The findings are consonant with previous studies documenting in failing hearts the reversal of diastolic dysfunction in response to decreasing systolic pressures [10, 22] . This was observed in heart failure patients with severely depressed systolic function (low EF's) [10] , and in dogs with pacing-induced cardiomyopathy [22] . These findings imply that elevated filling pressures in patients with advanced HF with reduced EF include a load-dependent and potentially reversible component. A patient with a severely depressed EF and lower blood pressures works at a high percentage of isovolumetric load and mandatorily has load-dependent diastolic dysfunction, which can be limited with even small decreases of systolic pressure. This adds an additional pathophysiological mechanism for the beneficial effects of vasodilators and diuretics in this frequently occurring clinical condition. The effects of increased load on diastolic function were previously acknowledged by other groups. Vatner's group analysed the effects of increased systolic pressure and showed that in developing hypertensive heart disease in dogs, diastolic dysfunction was present. This dysfunction was not attributable to structural changes and could be mimicked in healthy animals by acutely increasing preload and afterload [18] . Similarly, aged dogs with renal hypertension and increased LV systolic and arterial stiffness presented impaired LV relaxation, but no increase in the coefficient of LV diastolic stiffness. Nevertheless, filling pressures increased with hypertensive episodes due to loaddependent impairment of relaxation [31] .
Even if one should be aware of shifts in the end-diastolic pressure-volume relation, related to pericardial constraint and ventricular interdependence [1] , these mechanisms were most likely not quantitatively important in the present open-chest and open-pericardium study conditions. Although these conditions might be well suited for the study of the pathophysiological effects of acute overload in the myocardium, they preclude extrapolation to long-term pressure elevations and to a clinical setting without anaesthesia and surgery.
By studying the effects of selective beat-to-beat afterload elevations on both relaxation rate and diastolic function, we were able to better control for confounding alterations of global haemodynamics due to decreased stroke volume, acute backward failure, increased LV filling pressures, neurohumoral responses and possibly afterload-induced myocardial ischemia [25] . Furthermore, as myocardial hypertrophy reduces tolerance to ischemia and coronary vasodilator reserve leading to diastolic dysfunction [16] , we selected patients with a similar degree of stable 3-vessel coronary artery disease and excluded those with other than mild LV hypertrophy. Extent of myocardial ischemia and hypertrophy are therefore unlikely to have contributed significantly to diastolic dysfunction during transient aortic clamps with analysis of the first clamped heartbeat.
In seven patients with a normal or moderately depressed EF, afterload elevations were repeated after volume loading. Volume loading itself accelerated myocardial relaxation, which challenges earlier reports of slowed myocardial relaxation in volume-loaded anaesthetized open-chest dogs [34] . This observation is nevertheless consonant with what was shown in the better responding subgroup of coronary patients after leg elevation [9] . These apparently contradictory results might relate to anaesthesia and operative conditions of those earlier canine observations. After volume loading, the upward shift of the end-diastolic pressure-volume relation was aggravated and this was not attributable to slower myocardial relaxation. This corroborates the recent demonstration in healthy dogs that changes in peak early-diastolic mitral annulus velocity (e 0 )
are not dependent on myocardial relaxation, as assessed by time constant s, after acute preload manipulations [32] . Therefore, it must be due (at least in part) to prolongation of systole and abbreviation (at comparable HR) of the duration of diastole due to pressure and volume loading, as previously demonstrated in animal experiments [24] . Indeed, although acute afterload elevations also shorten diastole under normal filling conditions, this effect is exacerbated after volume loading. Other potential mechanisms still are largely speculative and require further investigation. The negative inotropic effects of anaesthetics may have influenced the magnitude of effects, thus our results cannot be readily extended to unanaesthetized patients. The present study is applicable to patients with coronary heart disease with various EF's but not necessarily to other patients groups. Ischemia increases myocardial afterload sensitivity, even in hibernating and stunned myocardium [27, 36] .
Though these were not included in our sample, the data could be relevant for patients with HF with preserved EF (HFpEF) in whom increased vascular load and ventricular systolic stiffness were shown to enhance the sensitivity of systolic pressures to volume changes [7] . Many patients with HFpEF have concomitant systolic dysfunction abnormalities, particularly in the long axis [4, 21, 28, 41] , which may limit their tolerated systolic pressures. Beyond the profound structural changes underlying diastolic dysfunction and volume loading, limited tolerance to systolic pressures may provide additional mechanistic information on hypertensive pulmonary edema [15, 17] .
In summary, the present manuscript extends and refines previous experimental work on load and diastolic function. The physiological response of the human heart to increased systolic pressures (and to volume loading) is the preservation of relaxation velocity and normal filling pressures. When cardiac function deteriorates, however, the LV becomes less tolerant to increased systolic pressures and reacts with slowed relaxation and increased filling pressures even at lower pressure levels. Volume loading further exacerbates such intolerance.
